Abstract---Crude sedimentary kaolin clay from central Georgia, U.S.A., which had a wide distribution of particle size, was divided into several size fractions by repeated sedimentation in water. The resulting fractions had approximately a 2 : 1 ratio in dia. between their upper and lower limits. Each fraction was then studied by transmission and scanning electron microscopy and characterized in terms of surface area (both geometric and by gas adsorption), particle shape and impurity analysis.
INTRODUCTION
PREVIOUS work with kaolin clays has almost invariably been carried out with samples having a wide range of particle sizes. A crude kaolin will frequently contain kaolinite particles with dia. ranging from 50 down to 0-1 t~m or even smaller--a range of 500-1. Commercially available kaolin pigments have a considerably narrower size distribution but, even so, consist of a fairly wide range of sizes. Normally a commercial kaolin will be fractionated to remove the larger kaolinite particles since only the smaller particles impart the desired properties to the pigment product.
It is well known that, for Georgia sedimentary clays, the impurity content changes with particle size. Anatase, for instance, occurs in particles of about 0.25 tzm or smaller and hence tends to concentrate in the fine fractions. The mica impurity is larger in particle size and tends to concentrate in the coarse fractions. Some of the change in impurity concentration with particle size is shown by the chemical analyses in Table 1 .
In addition to the change in nature and composition of the impurities, the kaolinite itself changes character with particle size. The coarser particles are generally isometric while the finer particles tend to be thin and plate-like. As kaolin particles get finer and finer, there is a considerable increase in surface area so that colloidal properties become increasingly important. It is also quite likely that the nature of the kaolinite surface changes markedly with size, the finer particles having mostly "plate" surface, the coarser particles having increasing amounts of edge surface.
The present study was initiated to determine the relationships between kaolinite particle size and shape and physical and chemical properties. For this purpose, a series of kaolinites of narrow size distribution was prepared by repeated gravity fractionation as described in the following section. When these fractions were characterized as to particle size and shape, it became immediately apparent that large discrepancies existed in particle size as determined by careful micrographic measurement and by Stokes settling. In all cases the micrographic measurements showed the particles to be appreciably larger than indicated by the size distribution from sedimentation.
Study of scanning electron micrographs of the various fractions show that the coarser kaolin particles are quite porous and contain numerous slit-like voids between the kaolinite platelets. These voids are filled with liquid during a sedimentation particle size determination and, since the filling liquid is less dense than the kaolinite, this filling will lead to an effectively lower particle density and, hence, a slower settling rate. These particles are measured by sedimentation as smaller than they actually are. The magnitude of this error is proportional to the actual pore volume within the particle.
EXPERIMENTAL

Preparation of sized fractions
The present work was carried out using kaolin 403 from sedimentary deposits located within a 10 mile radius of Gordon, Georgia, U.S,A. The crude kaolin contained small amounts of mica, quartz, anatase and other accessory minerals.,
The starting material for the preparation of narrow size distributions was a blend of clay from 3 different deposits being used as a plant feed for the manufacture of commercial water-washed kaolin pigments. The clay had been dispersed in water at about 30 per cent solids using sodium silicate as a deflocculant. This slurry was then screened through a 200 mesh sieve to remove any large particles and the resulting slurry used for the preparation of the narrowly spaced size fractions. All fractions used in this study were prepared by repeated gravity fractionation.
The general procedure for the preparation of each fraction was to calculate, using Stokes' law, the time required for the smallest particle wanted in a given fraction to settle to the bottom of the container. The sediment then contained all the particles of the desired size range as well as appreciable quantities of finer and coarser sizes. The supernatant liquid was then decanted into a separate container, the sediment reslurried in water and allowed to again settle for the time required for the smallest desired particle to settle to the bottom of the container. (The sediment at this point still contains all of the particles of the desired size and larger, but fewer of the fines, than the sediment from the first fractionation.) The supernatant was again decanted, combined with the supernatant from the first fractionation and the sediment reslurried as before. This process was repeated 10 times so that essentially all particles finer than the desired size were removed from the sediment. Tetrasodium pyrophosphate, Na4P2OT, was used as a deftocculant when required. After removal of fines, the sediment was reslurried and allowed to settle only long enough for the particles coarser than the desired size to settle out. The desired size fraction was then contained in the supernatant liquid and was recovered by flocculation at a pH of 3.5, filtering and drying. In this way, six fractions were prepared, varying in mean size (Stokes' dia.) from 2.3 to 31/~m. Samples were designated by letters, A for the coarsest through E for the finest size.
Chemical analysis
All samples were analyzed for iron, titanium and potassium using vacuum X-ray spectroscopy.
Surface area and pore volume
The surface area was determined by the B.E.T. method using nitrogen as the adsorbate. Pore volume determinations were carried out using a Micromeritics Model 905 mercury penetration porosimeter. This technique is capable of determining pore size and volume in accordance with the following equation (Washburn, 1921; Drake, 1949) :
where D is the dia. of a cylindrical pore penetrated by mercury of surface tension tr, under pressure P at a mercury contact angle of 0 with the material being tested. A contact angle of 130 ~ was used for the reported measurements. The porosimeter was capable of applying a maximum pressure of 50,000 lb/in 2 so that the volume of pores as small as 35/~ could be measured.
Particle size
Particle size determinations were carried out by gravity sedimentation and by measurements made on electron and optical micrographs. In the case of the sedimentation particle size, measurements were made with the Micromeritics Sedigraph 5000 particle size analyzer, which gives size distributions directly in terms of equivalent spherical dia. (Olivier et al., 1971) .
When electron and optical micrographs were used for particle size determinations, measurements of both particle dia. and thickness were made. The diameter was defined as the dia. of a circle having the same area as the clay plate dimension parallel to the a and b crystallographic axes. The thickness was defined as the length of the kaolinite crystal parallel to the c crystallographic axis. For the coarse kaolin fractions used in this study, it was almost always possible to recognize these axes. Samples for both electron and optical microscopy were vacuum shadowed with chromium at a known angle. Thus, particle thickness could be calculated from shadow length in those cases where the particles were not in a position where thickness could be measured directly.
The equivalent spherical dia. calculated from micrographs is the diameter of a sphere having the same volume as the particle measured on the micrograph. Particles were treated as cylinders so that the dia. of an equivalent sphere is given by:
where dc is the measured dia. of the clay particle and t is its thickness.
About 300 particles in each size fraction were measured and the data processed by computer. Doubling the sample size (to 600 particles) did not alter significantly the particle size distribution determined from the micrographs. Our earlier work has shown that with clays having a wide distribution of particle sizes, a much greater number of particles must be measured to obtain a statistically reliable size determination. The narrowness of the size distribution in the present case permitted size determination by measurement of relatively few particles.
Microscopy
The optical micrographs and transmission electron micrographs were made on samples prepared by standard techniques such as those discussed by Brown (1964) . Samples for scanning microscopy were prepared on glass microscope cover glasses by drying a droplet of dilute suspension. The dried sample was vacuum coated with gold-palladium alloy before viewing in the microscope. Scanning micrographs accompanying this article are shown at a 45 ~ angle of view.
RESULTS AND DISCUSSION
Particle size by sedimentation and micrographic measurements
Figures 1 and 2 show the 6 distribution curves measured by Stokes' settling and by micrographic measurement. Figure 1 contains the gravity sedimentation data plotted as a cumulative curve, i.e. total weight percent finer than a given size, while Fig. 2 presents the results of the micrographic measurements. Although the size fractions are fairly well separated, there is some degree of overlap between adjacent fractions. Figure 3 compares the size distributions obtained by sedimentation and micrographic counting. (To avoid confusion, not all size curves are shown; the data are given in Table 1.) Examination of the curves of Fig. 3 shows a large discrepancy in the micrographic and sedimentation size determinations. In all cases, the sedimentation distribution curve shows the kaolin to be appreciably finer than given by the micrographic measurements. It should be noted that the kaolin particles being discussed here are large and blocky with a diameter-to-thickness ratio near one. Extremely platy particles with a large diameter-to-thickness ratio occur only rarely in these size fractions. Under such conditions, it would be expected that the equivalent spherical diameters measured directly and the e.s.d, calculated from proper application of Stokes' Law to sedimentation data would show quite close agreement.
One factor that can account for all, or at least a large part, of the observed size discrepancy is the porosity of the coarser kaolinite particles. Pores present in the clay would have the effect of lowering the density of the particle and hence slowing the sedimentation rate. This would lead to an apparent smaller size for the Stokes' law diameter.
Pores in these coarse kaolinite particles can take two forms: voids accessible to an external suspending liquid or voids completely surrounded by clay which would not be penetrated by such a liquid. Either type of void, whether filled with suspending liquid or not, would lower the effective density of the particle and retard the sedimentation rate. Figures 4-9 show the typical appearance of the particles in the size fractions used in this study. Note that all of the particles (at least those shown at sufficient magnification to be seen clearly) show the presence of slit-like voids. Figure 10 shows an extremely porous particle while Figs. 11 and 12 show large particles of lower porosity.
It is likely that kaolinite crystals vary significantly in porosity depending on their origin and particle size. Kaolinite particles of widely differing porosity have been shown in the excellent scanning electron micrographs by Bohor and Hughes (1971) . Figure 13 shows the pore volume distribution of the various fractions as determined by mercury intrusion. Although pores are customarily treated as cylindrical capillaries and their size expressed as dia. or radius it seemed to us that, since the appearance of the pores is definitely slit-like, it would be more correct to treat them as slits of width D. In this case the previously given equation reduces to In general, the pore size distribution curves of the coarsest fractions show a characteristic shape as illustrated in Fig. 14 (for sample D) . The pore volume curves of the coarser fractions appear to consist of four distinct regions:
Measurement of porosity by mercury intrusion
1. A moderate volume of very large pores.
2. An almost complete lack of pores at sizes slightly larger than those of the steeply rising region 3 of the curve. 3. A large volume of pores within a fairly narrow size range. This size is greater for the coarser particles. 4. A small volume of very fine pores extending from about 0-3 down to about 0.02/~m (no pores were detected below this size, at least down to our lower limit of measurement, 18 ~,). Region 1 probably represents a packing of the loose kaolinite particles by the mercury and intrusion of mercury into extremely large interparticle spaces. Ther mercury may be even compressing the kaolinite booklets to some extent, although scanning electron microscopic examination of the kaolinite after mercury intrusion at 50,000 psi showed no evidence that the porous booklet structure had been destroyed. Region 2 probably represents merely a completion of filling of the larger voids. Region 3 represents the volume of the voids between the kaolinite particles and, as would be expected, shifts towards smaller pore sizes for smaller particle sizes. An excellent discussion of the shape of porosimetry curves is given by Frevel and Kressley (1963) . Region 4 is of most interest to us since it is in this region that mercury intrudes the siR-like voids in the kaolinite booklets. The volume of mercury intruded is a direct measure of the porosity of the individual kaolin particles. Previous work with kaolinite by Diamond (1970 Diamond ( , 1971 and Modry and Borovec (1970) has been carried out using kaolin with a wide range of sizes so that booklet porosity could not be distinguished from pores between the kaolin particles themselves. In order to check our hypothesis that the pore volume represented by region 4 is, in fact, due to the penetration of the mercury into voids within the particle rather than between particles, the pore volume distribution of non-porous quartz particles was determined. For this purpose, ground quartz of 4-8 t~m in size was prepared by repeated gravity fractionation in the same way that the clay was prepared. The pore size distribution of the 4-8/xm clay and quartz is shown in Fig. 15 . The complete absence of pores finer than about 0-2 tzm in the quartz confirms that these fine pores must indeed be present within the kaolinite particles themselves. The higher total pore volume of the kaolinite, which in this case corresponds to about 0.3 cm3/g or about 44 per cent of the total volume of the kaolinite particle, must be due to its fine pores and greater surface roughness.
From the pore volume distribution curves, Fig.  13 , we can estimate roughly the porosity of each fraction that is due to the voids within the original particle (region 4 of Fig. 14) . From this porosity we can then 'correct' our micrographic size measurements and see what e.s.d, should be obtained by sedimentation. Table 2 shows that this calculated 'apparent sedimentation diameter' agrees reasonably closely with the actual sedimentation diame- ter. This porosity then must account for at least a large part of the discrepancy between micrographic and sedimentation particle size determination.
Further evidence for the presence of the slit-like voids can be found in the surprisingly high surface area of the samples as determined by gas adsorption. For instance, the geometric surface area of sample D was only 0.35 m2/g while the gas adsorption surface area was 7.00 m2/g. The 4-8 tz nonporous quartz had a gas adsorption area of only 0.88 m2/g--a value much closer to the geometric surface area.
Surface area variation with particle size
Comparison of the geometric and B.E.T. surface areas of all the clay fractions shows that the geometric area is much smaller than would be expected from the nitrogen adsorption data. Since the extremely fine particles (which contribute greatly to surface area) have been completely removed from the samples, the higher nitrogen adsorption area can only arise from pores accessible to gaseous nitrogen. (In the calculation of the geometric surface area the particles were treated as solid cylinders.)
The assumption that the pores accessible to nitrogen are the 'slits' seen in the kaolinite booklets provides a means to calculate an average clay layer thickness in the booklets.
Let us treat the kaolin booklet as a cylinder of surface area given by:
where the first term is the area of the two ends of the booklet and the second term is the area of the cylinder wall. If we further assume that the booklet is actually a stack of platelets of thickness p as shown in Fig. 16 , then t -= the number of plates in the stack P so that the surface area of the original cylinder is increased by -~-.
We must also take into consideration that surface area is also increased by surface roughness of both the ends and walls so we let: F~ = roughness factor of cylinder ends. F2 = roughness factor of cylinder walls. Therefore we can write an equation for the total surface area of a booklet:
where the first term is the surface area of the two booklet ends, the second term is the area of the interlamellar spaces and the last term is the area of the cylinder walls. The above expression simplifies to A = FI + F2~rdt.
The weight of a cylindrical particle is given by
W = 7rd2to
(4)
where p is the particle density. An expression for surface area per gram can then be obtained by dividing equation (3) and obtain an average packet thickness of 0.17/.~m. This value is of the same order of magnitude as the thickness measured from electron micrographs of the kaolinite booklets and agrees well with the resuits of Conley (1966) . Mechanical delamination of coarse kaolinite also gives individual particles with a thickness approaching this size.
CONCLUSION
This work has shown that the coarser particles of Georgia sedimentary kaolins contain a significant quantity of voids. The volume of these voids should be taken into account when sedimentation particle size measurements are to be related to actual physical dimensions. The effect of these voids on other properties such as the viscosity should also be considered since a given weight of a porous clay will occupy a larger volume fraction of a system than will non-porous particles. Variations in porosity with particle size and between kaolins from different areas are being further studied.
